Abstract It had been proposed that a loop, typically containing 26 or 27 amino acids, which is only present in monomeric, ferredoxin-dependent, ''plant-type'' glutamate synthases and is absent from the catalytic a-subunits of both NADPH-dependent, heterodimeric glutamate synthases found in non-photosynthetic bacteria and NADHdependent heterodimeric cyanobacterial glutamate synthases, plays a key role in productive binding of ferredoxin to the plant-type enzymes. Site-directed mutagenesis has been used to delete the entire 27 amino acid-long loop in the ferredoxin-dependent glutamate synthase from the cyanobacterium Synechocystis sp. PCC 6803. The specific activity of the resulting loopless variant of this glutamate synthase, when reduced ferredoxin serves as the electron donor, is actually higher than that of the wild-type enzyme, suggesting that this loop is not absolutely essential for efficient electron transfer from reduced ferredoxin to the enzyme. These results are consistent with the results of an in-silico study that suggests that the loop is unlikely to interact directly with ferredoxin in the energetically most favorable model of a 1:1 complex of ferredoxin with the wild-type enzyme.
Introduction
The enzyme glutamine:oxoglutarate amidotransferase (often referred to simply as glutamate synthase and hereafter abbreviated as GOGAT), catalyzes the 2-electron reductive conversion of one molecule of 2-oxoglutarate plus one molecule of glutamine to form two molecules of glutamate, and plays a key role in nitrogen assimilation in oxygenic photosynthetic organisms (Hase et al. 2006; Suzuki and Knaff 2005; Curti 1999, 2008) . The ''plant-type'' GOGATs (EC 1.4.7.1), present in cyanobacteria and in the stromal space of chloroplasts in algae and flowering plants, are soluble, monomeric proteins with molecular masses of approximately 170 kDa (Hase et al. 2006; Suzuki and Knaff 2005; Curti 1999, 2008) . They contain a single [3Fe-4S] cluster and a single FMN as the sole prosthetic groups (Hase et al. 2006; Suzuki and Knaff 2005; Curti 1999, 2008) . Although reduced methyl viologen (hereafter abbreviated as MV) can serve as an effective nonphysiological electron donor in the reaction catalyzed by these enzymes, they are specific for reduced ferredoxin (hereafter abbreviated as Fd) as the physiological electron donor and display no activity with either NADH or NADPH as an electron donor (Hase et al. 2006; Navarro et al. 2000; Suzuki and Knaff 2005; Vanoni and Curti 2008) . A substantial amount of evidence has been obtained documenting that several Fd-dependent GOGATs, including enzymes from flowering plants, algae and cyanobacteria, can form a complex (K d = 1-50 lM) with Fd at low ionic strength (García-Sánchez et al. 1997 Schmitz et al. 1996; Hirasawa and Knaff 1993; Hirasawa et al. 1986 Hirasawa et al. , 1989 Hirasawa et al. , 1991 Shinmura et al. 2012; van den Heuvel et al. 2003; Vigara et al. 1996) , consistent with the requirement that the enzyme must interact productively with its electron donor. The observation that the complexes form at low ionic strength and dissociate at higher ionic strength has been interpreted as indicating a significant contribution of electrostatic forces in stabilizing the complex (Hirasawa et al. 1986; Hase et al. 2006) . It should be noted that, although there is good agreement that a GOGAT/Fd complex can form and also good agreement about the approximate K d and ionic strength dependence of complex formation, there has been disagreement about the Fd:GOGAT stoichiometry of the complex, with values of 1.0 (Schmitz et al. 1996; van den Heuvel et al. 2003 ) and 2.0 (Vigara et al. 1996; García-Sánchez et al. 1997 ) having been reported.
In contrast, GOGATs from non-photosynthetic bacteria are heterodimeric enzymes and, although they can also use reduced MV as a non-physiological electron donor, the bacterial enzymes use NADPH as the exclusive physiological electron donor and show no activity with reduced Fd as an electron donor Curti 1999, 2008) . Cyanobacteria contain, in addition to the Fd-dependent GOGAT described above, a heterodimeric GOGAT that is similar to the enzyme found in non-photosynthetic bacteria but which uses NADH instead of NADPH as the electron donor (Muro-Pastor et al. 2005; Navarro et al. 1995) . The actual conversion of glutamine plus 2-oxoglutarate to glutamate, catalyzed by the NADPHdependent heterodimeric bacterial GOGATs, is catalyzed by the larger a-subunit, with the b-subunit functioning solely to deliver electrons from NADPH to the a-subunit Curti 1999, 2008; Vanoni et al. 1996 Vanoni et al. , 1998 . The a-subunits of bacterial GOGATs exhibit significant similarities to the Fddependent GOGATs, in so far as prosthetic group content, mechanism, and the location of its two separated catalytic sites are concerned van den Heuvel et al. 2002; Curti 1999, 2008) .
Although there is only a limited amount of structural information available for these enzymes, X-ray studies have revealed one striking difference between an Fddependent enzyme and the a-subunit of a NADPHdependent enzyme. The first GOGAT tertiary structure to be solved (Binda et al. 2000) produced a 3.0 Å resolution structure of the a-subunit of the NADPH-dependent GO-GAT from the bacterium Azospirillum brasilense (Protein Data Bank ID 1EA0). Subsequently, a structure for the Fddependent GOGAT from the cyanobacterium Synechocystis sp. PCC 6803, at 2.7 Å resolution (Ravasio et al.2002) , became available (Protein Data Bank ID 1LM1), followed by two somewhat higher resolution structures (van den Heuvel et al. 2003 ) of this cyanobacterial enzyme, one in a complex with the substrate 2-oxoglutarate (Protein Data Bank ID 1OFD) and one covalently modified by the inhibitor 6-diazo-5-oxo-1-norleucine (Protein Data Bank ID 1OFE). A comparison of the structures for the A. brasilense and Synechocystis sp. PCC 6803 enzymes revealed that a loop, 27 amino acids long (see Fig. 1 ), is present in the Synechocystis sp. PCC enzyme but absent in the asubunit of the A. brasilense enzyme van den Heuvel et al. 2003 ). An analysis of amino acid sequences revealed that, while the amino acids comprising this loop are present in all Fd-dependent GOGATs, they are not present in the a-subunits of the NADPH-dependent heterodimeric GOGATs from non-photosynthetic bacteria (Hase et al. 2006; van den Heuvel et al. 2002; van den Heuvel et al. 2003; Vanoni and Curti 2008) . The loop is either 26 or 27 amino acids in length, depending on the species from which the enzyme comes (Table 1 shows a comparison of the amino acid sequences for this loop in the Fd-dependent GOGATs from several representative oxygenic phototrophs). As shown in Table 2 , the loop is also absent in the a-subunits of the heterodimeric NADHdependent GOGATs found in the same cyanobacteria where the loop is present in the ferredoxin-dependent enzyme (Navarro et al. 1995 (Navarro et al. , 2000 . The fact that an amino acid ''insert'' of this length is present at this location in all Fd-dependent GOGATs, but absent from the a-subunits of all NADPH-dependent and NADH-dependent, heterodimeric GOGATs (Hase et al. 2006; Navarro et al. 1995; Vanoni and Curti 2008) , coupled with the reasonably close proximity of the loop to the prosthetic groups of the Synechocystis sp. PCC enzyme (see Fig. 1 ) led to a proposal that this loop is involved in binding Fd to the enzyme at a position and in an orientation favorable for efficient electron transfer from reduced Fd to the [3Fe-4S] cluster of the enzyme (van den Heuvel et al. 2003; Vanoni and Curti 2008) . To test this hypothesis, we have used site-directed mutagenesis to prepare a variant of Synechocystis sp. PCC 6803 GOGAT in which the putative Fd-binding loop has been deleted, and have compared its properties to those of the wild-type enzyme.
Materials and methods
Synechocystis sp. PCC 6803 ferredoxin was expressed in Escherichia coli and purified as described previously (Xu et al. 2006 ). As we have shown previously, the N-terminal methionine is removed by post-translational cleavage during expression in E. coli, and the first amino acid in the expressed ferredoxin is an alanine (Srivastava et al. 2013) . A variant of the wild-type GOGAT from the cyanobacterium Synechocystis sp. PCC 6803, in which sixhistidine residues were added to the enzyme at its C-terminus, was expressed in E. coli, using essentially the same procedure that was previously used to express the enzyme without a His-tag (Navarro et al. 2000) . The nucleotide sequence of the portion of the expression plasmid that coded for the His-tagged version of wild-type GOGAT was confirmed by DNA sequencing in the Texas Tech University Biotechnology and Genomics Core Facility. After induction of wild-type GOGAT expression in the transformed E. coli cells and cell disruption using a French press, a filtered cell lysate containing only soluble proteins was prepared as described previously (Navarro et al. 2000) . The filtered lysate, in 250 mM potassium phosphate buffer (pH 7.5) containing 1 mM 2-oxoglutarate plus 14.7 mM 2-mercaptoethanol, was loaded onto a 2 cm 9 5 cm NTA Ni 2? affinity column (GE HealthCare) that had been equilibrated with this same buffer. The column was first washed with 10 column volumes of this same buffer, to which had been added 20 mM imidazole, to remove nonspecifically bound proteins, and then the GOGAT was eluted with 5 column volumes of this same buffer, to which had been added 250 mM imidazole, The sample was concentrated using an Ultracel 100 kDa cut-off ultrafiltration membrane (Millipore) and buffer exchange carried out so that the sample was now in 30 mM Tricine-KOH buffer (pH 7.5), containing 1 mM 2-oxoglutarate, and 14.7 mM 2-mercaptoethanol. The sample was then loaded onto a 2.5 cm 9 20 cm affinity column, containing wild-type Synechocystis sp. PCC 6803 Fd covalently coupled to Sepharose 4B that had been previously equilibrated using this buffer, and elution with this buffer was carried out to remove non-specifically bound protein. The sodium chloride concentration of the eluting buffer was then increased to 200 mM to elute GOGAT from the Fd-affinity column. The GOGAT-containing fractions were pooled, concentrated, and subjected to gel filtration on a 1.5 cm 9 80 cm Ultrogel AcA 34 column, using the same buffer used to elute the GOGAT from the Fd-affinity column. SDS-PAGE analysis indicated that all of the ferredoxin and wild-type GOGAT samples used for the experiments described below were approximately 95 % pure. The measured value for the ratio of the absorbance at the wavelength maximum for the FMN prosthetic group, i.e., 437 nm, to the absorbance at 278 nm, 0.129, is also indicative of this high level of purity (Navarro et al. 2000) . The presence of the C-terminal Histag was confirmed by Western blotting using an antibody (Invitrogen) directed against the six-histidine motif.
A variant of the His-tagged Synechocystis sp. PCC 6803 GOGAT missing the 27 amino acids of the putative Fdbinding loop, i.e., amino acid residues 907-933 (the numbering is based on designating the N-terminal cysteine of the mature form of the wild-type GOGAT as amino acid 1) was prepared using site-directed mutagenesis. The mutagenesis was carried out using the QuickChange sitedirected mutagenesis kit (Stratagene). PCR amplification was performed according to the manufacturer's instructions, using 5 0 AAT TCC GGG GAA CCC CCA--CAA AAT GGA GAC ACG GCC 3 0 as the mutagenic primer in the forward direction and 5 0 GGC CGT GTC TCC ATT TTG--TGG GGG TTC CCC GGA ATT 3 0 as the mutagenic primer in the reverse direction. The nucleotide sequence of the coding region of the plasmid used to express the loopless GOGAT variant was confirmed by DNA sequencing in the Core Facility of the Texas Tech Center for Biotechnology and Genomics. Expression of the loopless GOGAT variant was carried out using the procedure described above for wild-type GOGAT.
The significantly lower stability of the loopless variant, when compared to that of the wild-type enzyme, necessitated the use of a different purification protocol than the one used for the wild-type enzyme, a protocol that utilized slightly different buffers and, to shorten the procedure because of the poor stability of the loopless variant (see below), eliminated the Fd-affinity chromatography step (large losses in activity during Fd-affinity chromatography were observed in the case of the loopless variant). E. coli cells expressing the loopless variant were suspended in the following solution: 50 mM potassium phosphate buffer (pH 7.5) containing 50 mM NaCl, 1 mM 2-oxoglutarate, 0.1 % (v/v) 2-mercaptoethanol, 1 mM phenylmethanesulfonyl fluoride (PMSF), and 20 % (v/v) glycerol. A lower NaCl concentration than that used with cells expressing wild-type was necessary to insure complete DNA precipitation by streptomycin sulfate (incomplete DNA removal that occurred at higher NaCl concentrations interfered with the ability of the His-tagged loopless variant to bind effectively to the Ni 2? affinity column). The lysate was centrifuged, and the supernatant, after buffer exchange to remove the PMSF and glycerol, was loaded onto the Ni 2? affinity column, which was washed with this buffer to remove non-specifically bound proteins. The loopless GOGAT variant was then eluted with this buffer to which had been added 250 mM imidazole. Buffer exchange, into 100 mM Tricine buffer (pH 8.0) containing 200 mM NaCl, 1 mM 2-oxoglutarate, and 0.1 % 2-mercaptoethanol, and concentration were carried out using a Millipore Ultracel 100 kDa ultrafiltration disk, and the concentrated sample subjected to gel filtration chromatography on a 1.5 9 80 cm Ultrogel AcA 34 column that had been equilibrated with this same buffer. In some cases, the GOGAT-containing fraction was further purified on a Superdex 200 Increase 10/300 GL gel filtration column using an Akta Pure protein purification system (GE Healthcare). The purity of all of the loopless GOGAT samples used in the experiments described below, based on SDS-PAGE analysis, was approximately 90 %, i.e., a value slightly less than that obtained for the wild-type enzyme. The A 437 /A 278 ratio measured for the loopless variant was 0.124, also indicating a level of purity only slightly lower than that observed for the wild-type enzyme. As was the case for the wild-type enzyme, the presence of the C-terminal His-tag was confirmed by Western blotting. It should be noted that the yield for the loopless variant is only approximately 20 % of that obtained for the wild-type enzyme (i.e., ca. 10 mg of purified enzyme for the variant compared to ca. 50 mg of purified enzyme in the case of wild-type GOGAT).
Absorbance spectra were measured using a Shimadzu Model UV-2401PC spectrophotometer, at a spectral resolution of 0.5 nm. Circular dichroism (CD) spectra were measured at a spectral resolution of 1.0 nm using either an OLIS model DSM-10 UV-Vis CD spectrophotometer or a JASCO model J-815 spectrophotometer. Protein concentration was estimated using the method of Bradford (1976) , with bovine serum albumin used as a standard. FMN (Faeder and Siegel 1973) and acid-labile sulfide were measured using standard methods. In the case of the FMN content, three separate determinations were carried out and, in the case of acid-labile sulfide, two separate determinations were carried out. The values presented in the tables are the averages of these determinations, and the experimental uncertainties reported are the average deviations of these measurements. Iron analyses were carried out using inductively coupled plasma (ICP) mass spectrometry in the Department of Chemistry and Biochemistry at Arizona State University as described previously (Srivastava et al. 2013 ). The value presented in the table is the average of two independent determinations, and the experimental uncertainty reported is the average deviations of these measurements.
Preparation of tryptic digests for MALDI-TOF mass spectrometry and the mass spectrometry analyses themselves were carried out as described previously (Kim et al. 2012; Srivastava et al. 2013) . GOGAT activities, with either reduced Fd or reduced MV as an electron donor, were measured as described previously (Hirasawa et al. 1986 ). In some cases, Fd-dependent activity was measured using NADPH as an electron donor to generate reduced Fd, with ferredoxin:NADP ? oxidoreductase (FNR) serving as the catalyst for the reaction (Akashi et al. 1999) . The FNR used for this assay was the 34 kDa truncated form of the enzyme from Synechocystis sp. PCC 6803, which was expressed in E. coli and prepared as described previously (Cassan et al. 2005) . Kinetic data with reduced Fd serving as the electron donor were fitted to the Michaelis-Menten Equation using Prism fitting software. K M values were determined keeping the concentration of two of the three substrates (i.e., glutamine, 2-oxoglutarate, and reduced ferredoxin) constant while varying the concentration of the third substrate. The enzyme (i.e., either wild-type GOGAT or its loopless variant) was added as 1 lL aliquots of a highly concentrated solution so that the carry-over of the 2-oxoglutarate used to stabilize the enzyme did not contribute significantly to the total concentration of this substrate.
The initial in-silico docking model for the putative Fd/ GOGAT complex was carried out using GRAMM-X (Tovchigrechko and Vakser 2006) and the structures in the PDB for Synechocystis sp PCC 6803 Fd (1OFF) and for Synechocystis sp PCC 6803 GOGAT (1LM1). The lowest energy docked orientation was refined using RosettaDock (Lyskov and Gray 2008) . Surface electrostatic distributions were computed using the APBS plug-in for Pymol (Baker et al. 2001 ). All protein structures were rendered using Pymol (Schrodinger 2013) .
Results
Even though DNA sequencing had confirmed that the GO-GAT-coding portion of the plasmid used to direct synthesis of the loopless variant was indeed missing the 27 codons that encoded this loop, MALDI-TOF-TOF mass spectrometry analysis, accompanied by peptide mass fingerprint analysis, of tryptic digests of wild-type GOGAT, and of its loopless variant, was carried out to provide additional confirmation, at the protein level, that the 27 amino acids of the loop had indeed been deleted in the loopless variant. Two peptides were observed in the digest of the wild-type enzyme that clearly arises from the presence of the loop. These were YL-TLDDVDSEGNSPTLPHLH GLQNGDTANSAIK, with a Photosynth Res (2015) 123:129-139 133 value for m/z of 3492.69 Da; and SNSGEGGEDVVR, with m/z = 1205.54 Da. MS/MS measurements of the two peptides confirmed the amino acid sequences deduced for these two m/z values. Neither peptide was observed in the mass spectrum of the loopless variant, providing evidence that the loop had been successfully deleted in the loopless variant. It should also be mentioned that a comparison of the specific activities, with reduced Fd serving as the electron donor, measured for the wild-type GOGAT with the attached C-terminal His-tag used in this study (see below) to the value reported previously for recombinant enzyme lacking the His-tag (Navarro et al. 2000) was essentially identical for the two preparations, indicating that the Histag does not interfere significantly with enzymatic activity with its physiological electron donor. One difference that does exist between the two preparations is the substantially higher ratio of activity with Fd as the donor, compared to that with MV as the donor, observed in this study with the His-tagged enzyme when compared to the value observed for recombinant enzyme without a C-terminal His-tag. The value of this ratio is ca. 60, observed in this study, for GOGAT containing a His-tag and only ca. 6.5 in the case of enzyme without a His-tag (Florencio FJ and Navarro F; unpublished observations). No explanation for the fact that this ratio differs by almost a factor of ten is currently available.
Before describing the prosthetic group content and catalytic properties of the loopless variant, it is worth emphasizing, as was mentioned above, that the variant is significantly less stable than the wild-type enzyme. For example, as much as 80 % of the activity observed for the loopless variant after passage through the Ni 2? affinity column was typically lost during a subsequent Fd-affinity chromatography step, while chromatography of the wildtype enzyme under identical conditions typically resulted in only a loss, at most, of 10 % of the activity. This sort of loss of activity encountered during chromatography prevented obtaining loopless variant preparations with purities significantly greater than 90 %. It should also be mentioned that the His-tagged loopless variant of GOGAT binds to a Ni 2? affinity column with comparable affinity to that observed for the case for the His-tagged wild-type enzyme, but only if great care is taken to completely remove all of the DNA present in the initial cell lysate. For reasons that are not understood, even small amounts of DNA left behind by incomplete streptomycin sulfate precipitation appear to interfere with the binding of the loopless variant to the Ni 2? affinity resin in a way that was not observed for the wild-type enzyme.
To explore the lower stability of the loopless variant in more quantitative terms, the time course of changes in the UV-region CD spectra of wild-type GOGAT and its loopless variant at 35°C were investigated. As shown in Fig. 2 , while the CD spectrum of the wild-type enzyme remains unchanged during a 90-min incubation at 35°C, the spectrum of the loopless variant changes significantly under these same conditions. The observation that the secondary structure of the loopless GOGAT variant is more susceptible to change during incubation at 35°C than is the case for the wild-type enzyme is consistent with other manifestations of the lower stability of the variant. It should be pointed out that the zero-time spectra shown in Fig. 2 The effect of incubation at 35°C on the secondary structure of wild-type GOGAT and its loopless variant. a Wild-type GOGAT: The zero-time spectrum is shown in black, and the 90-min spectrum is shown in blue. b Loopless GOGAT: The zero-time spectrum is shown in black, the 30-min spectrum is shown in green, the 60-min spectrum is shown in red, and the 90-min spectrum is shown in blue. Both samples contained enzyme at a concentration of 6.5 lM in 10 mM potassium phosphate buffer (pH 8.0). Spectra were recorded automatically every 10 min using a JASCO model J-815 spectrophotometer, with the samples kept continuously at 35°C in the instruments temperature-controlled cuvette-holder Fig. 2 are not truly zero-time spectra because of the time needed to replace the buffer in which the enzymes are stored with the 10 mM potassium phosphate buffer that is optimal for good CD signal:noise ratios in the ultraviolet, a time during which the CD spectrum of the loopless variant is already changing. If the samples are kept at 5°C for as long as possible before CD spectra are recorded, and buffer exchange is carried out less thoroughly, but more rapidly, the CD spectra of the wild-type enzyme and its loopless variant are quite similar, with both resembling the spectrum for the wild-type enzyme shown in Fig. 2a despite the lower signal:noise ratio (data not shown).
Deletion of the loop per se and also any changes in secondary structure that might result from this deletion, could perhaps result in incomplete occupancy of one or both of the two prosthetic group binding sites. As shown in Table 3 , the average FMN content, determined from three separate measurements, for the loopless variant was 0.71 ± 0.20 mol FMN per mol of enzyme, which is equal to 87 % of the 0.82 ± 0.1 mol of FMN per mol of enzyme (also the average of three independent measurements) measured for wild-type enzyme (the theoretical value is 1.0). However, given the experimental uncertainties in the measurements, this relatively small difference in the FMN contents of wild-type GOGAT and its loopless variant are not large. The loopless variant was slightly more deficient in acid-labile sulfide (used as one measure of the content of the [3Fe-4S] cluster) than was observed for FMN, containing only 82 % of the acid-labile sulfide found in the wild-type enzyme in control measurements (i.e., 2.7 ± 0.3 mol of sulfide per mol of enzyme in the loopless variant compared to 3.3 ± 0.6 mol of sulfide per mol of enzyme for wild-type GOGAT with both values being the average of two separate independent determinations). As was the case for the FMN measurements, the rather large average deviations make it unclear whether these differences are statistically significant. Both of these sulfide contents were significantly lower than the predicted value of 4.0 mol of sulfide per mol of enzyme, based on the presence of one [3Fe-4S] cluster in the enzyme (Navarro et al. 2000; Ravasio et al. 2002; van den Heuvel et al. 2002) . As sulfide determinations often under-estimate the actual value , attempts were also made to estimate the [3Fe-4S] cluster content by measuring the amount of iron present in the two preparations. As shown in Table 3 , both the wild-type enzyme and its loopless variant contain, within the combined experimental uncertainties of the measurements, identical amounts of total iron, and both values are in good agreement with the value of 3.0 predicted from the presence of a single [3Fe-4S] cluster. It should be pointed out that the ICP-MS methodology used for these determinations measures total iron contents and thus cannot distinguish between iron associated with the iron-sulfur cluster and small amounts of nonspecifically bound iron. Nevertheless, the measurements of prosthetic group content suggest that removal of the loop results in only, at most, minor losses of the enzyme's prosthetic groups. Consistent with the conclusion that the prosthetic group contents of the wild-type enzyme and its loopless variant are very similar is the observation that both forms of the enzyme had very similar UV/visible absorbance spectra. These spectra (not shown) have absorbance maxima at 278, 369, 437 nm and a shoulder at 467 nm (the feature with a maximum at 437 nm is somewhat broader in the spectrum of the loopless variant than in the spectrum of the wild-type enzyme). These spectra are both very similar to the spectrum previously reported for the recombinant enzyme expressed without a C-terminal His-tag (Navarro et al. 2000) .
The most critical property to be determined for the loopless variant of GOGAT, in the context of whether the loop is essential for productive interaction with Fd, is whether it retains the ability of the wild-type enzyme to utilize reduced Fd as an effective electron donor. As can be seen from the kinetic parameters shown in Table 4 , the loopless variant actually exhibits a somewhat higher maximal velocity with reduced Fd serving as the electron donor than does the wild-type enzyme. The data reported in this table for the ferredoxin-dependent activity were obtained using our standard assay which involves a prereduction of Fd by reduced MV (Hirasawa et al. 1986) . To insure that the activity attributed to Fd-dependent activity does not arise in some unexpected way from an unusual capacity of the loopless variant to use the small amounts of reduced MV present in this assay, Fd-dependent activity was also assayed using a system in which MV is never present, and Fd is reduced by NADPH in a reaction catalyzed by FNR (similar to the assay described in Akashi et al. 1999) . Essentially identical results to those reported in Table 4 were obtained using this assay, with the loopless variant showing a slightly higher rate of Fd-dependent activity than was observed for the wild-type enzyme. The fact that essentially identical results were obtained using two independent assay systems increases the confidence one can have in concluding that this loop is not an essential requirement for Fd-dependent GOGAT activity.
The K M values measured in this study for the wild-type recombinant GOGAT containing a C-terminal His-tag, are in reasonably good agreement with those reported earlier for recombinant Synechocystis sp. PCC 6803 GOGAT lacking a His-tag (Navarro et al. 2000) . While deletion of the loop had only a very small effect on the K M for glutamine, the K M values for both 2-oxoglutarate and for Fd were considerably higher for the loopless variant than for wild-type recombinant enzyme, increasing by a factor of 100 in the case of Fd and by a factor of slightly less than 80 in the case of 2-oxoglutarate. The loopless variant also exhibits higher activity with the non-physiological donor, reduced MV, than does the wild-type enzyme (Table 4) . It should be pointed out that the ratio of activities obtained with Fd and with MV as the electron donor is significantly different for the loopless variant, where the ratio is 42, than it is for the wild-type enzyme, where the ratio is 62. The change in this ratio, along with the changes noted above in some of the K M values, could arise from either the actual deletion of the loop or changes in secondary structure that result from the deletion, or from a combination of the two.
Discussion
Deleting the 27 amino acid-long loops that is unique to Fddependent GOGATs clearly alters the Synechocystis sp. PCC 6803 enzyme in a manner that affects parameters such as stability, the ratio of activities with Fd and MV as electron donors, and K M values for two of its substrates. Nevertheless, the kinetic data presented above provide compelling evidence that this loop is not an absolute requirement for the ability of Fd to serve as an effective electron donor for the GOGAT-catalyzed reaction. In fact, deletion of this loop produces a GOGAT variant that exhibits a higher specific activity with Fd serving as the electron donor than does the wild-type enzyme. It should be mentioned, in the context of whether there are other documented examples of GOGAT forms that do not contain this loop being capable of supporting an Fd-dependent GOGAT activity that cell-free extracts of a strain of Synechocystis sp. PCC 6803 in which the gene encoding its Fd-dependent GOGAT (i.e., gssF) has been deleted are capable of catalyzing the GOGAT reaction with reduced Fd serving as the electron donor. This activity is likely to arise from the presence of the enzyme encoded by the gltB gene, the NADH-dependent, heterodimeric GOGAT present in this cyanobacterium (Navarro et al. 1995) . As shown in Table 2 , the catalytic a-subunit of this NADHdependent enzyme has been shown to be missing the loop found exclusively in Fd-dependent enzymes (Navarro et al. 1995) . This observation provides additional support for the hypothesis that a GOGAT lacking this loop can support Fddependent activity and strengthens our conclusion that this loop is not an absolute requirement for the productive binding of Fd to the enzyme. If a GOGAT variant in which the loop has been deleted can still interact with Fd in a manner that supports enzymatic activity at a level at least as high as that observed for the wildtype enzyme, the obvious question raised is where the docking site might be. In an attempt to provide a possible answer to this question, we have undertaken an in-silico modeling study designed to identify possible Fd-binding sites. Figure 3a shows the lowest energy solution to the search for a docking site, and it is obvious that there is no contact between Fd and the 27 amino acids of the GOGAT loop. It should be mentioned, in the context of the possibility that plant-type GOGATs might contain a second Fd-binding site; no other structures for an Fd/GOGAT complex with a favorable binding energy comparable to that of the structure shown in Fig. 3 or with a [2Fe-2S] to [3Fe-4S] inter-cluster distance comparable to that of the structure shown in Fig. 3 were located in our in-silico modeling studies.
It should also be noted that, as expected from the fact that Synechocystis sp. PCC 6803 Fd possesses a net negative surface charge at physiological pH values (Bottin and Lagoutte 1992) , the docking site for Fd on GOGAT identified in this in-silico modeling exercise exhibits a net positive charge and thus would produce favorable electrostatic interactions at the binding site. In contrast, as also shown in Fig. 3 , the region on GOGAT containing the 27 amino acid loop has a substantial net negative surface charge, and thus, the binding of Fd at this site would produce an electrostatically unfavorable interaction. Furthermore, given how well ''planttype'' ferredoxins are conserved (Hase et al. 2006) , one would have expected that the loop would be well conserved if it did provide the binding site on GOGAT for Fd. However, as illustrated in Table 1 , the loop is not particularly well conserved. Figure 3b shows an enlarged view of this region of the docking model, with the dashed line showing a possible pathway for electron transfer from the [2Fe-2S] cluster of Fd to the [3Fe-4S] cluster of GOGAT. The distance between the two clusters is *14 Å in the rigid docking method used for this calculation. Structural differences in a more realistic model for the Fd/GOGAT complex that takes protein flexibility into account could decrease the distance between the two iron-sulfur clusters in this protein/protein complex significantly. Mechanistic studies have provided strong evidence for the hypothesis that electrons from reduced Fd enter the enzyme by first reducing its [3Fe-4S] cluster van den Heuvel et al. 2002 van den Heuvel et al. , 2003 Vanoni and Curti 2008) , so the orientation of these two iron-sulfur clusters with respect to each other in any docking model is an important parameter. It should be noted that, although not shown in Fig. 3 , the docking model predicts either electrostatic interactions or hydrogen bonds between four pairs of residues, i.e., Asp61 of Fd with Arg1162 of GOGAT, Asp67 of Fd with His 1144 of GO-GAT, Gln62 of Fd with Asn1147 of GOGAT, and Glu71 of Fd with Gln467 of GOGAT. Experiments are being designed to use site-directed mutagenesis of both GOGAT and Fd to test these predictions. It is also important to note that a highly conserved glutamate residue, located in a short a-helix near the C-terminus of Synechocystis sp. PCC 6803 Fd, had previously been implicated in the productive interaction with GOGAT (Schmitz et al. 1996) . This residue, designated as Glu94 in the original publication, is the one we designate as Glu93, after taking into account the fact that the original N-terminal methionine has been post-translationally cleaved and that this Fd is now one amino acid shorter than would be predicted from a translation of the gene sequence (Srivastava et al. 2013) . It has also been proposed that the corresponding glutamate in Fd1 from the green alga Chlamydomonas reinhardtii, i.e., Glu91, plays an important role in the interaction with C. reinhardtii GOGAT (García-Sánchez et al. 1997 . The role of the corresponding glutamate in Synechocystis sp. PCC 6803 Fd, i.e., Glu93, in the interaction with GOGAT will also be tested, using a mutational replacement approach.
Conclusion
The findings presented above indicate that the loop is not absolutely essential for Fd-dependent GOGAT, but do not provide any direct insight as to what the function of this conserved loop might be. The strikingly lower stability of the loopless variant, when compared to that of the wild- type raises the possibility that one important function of the loop is simply to stabilize the enzyme. It is also the case that our data cannot rule out the possibility that this unique loop might play some role in enhancing an optimal interaction with Fd or be involved in the regulation of electron flow to this enzyme under some specific conditions in vivo. As was mentioned above, differences exist in the literature about the Fd/GOGAT stoichiometry in the Fd/enzyme complex, with some reports favoring a 1:1 stoichiometry (Schmitz et al. 1996; van den Heuvel et al. 2003) and others providing evidence that GOGAT may be able to bind Fd in a 2:1 stoichiometry under some conditions (Hirasawa et al. 1989 (Hirasawa et al. , 1991 Vigara et al. 1996; García-Sánchez et al. 1997 ). Thus, it may perhaps be possible that the loop-even if it is not directly involved in binding Fdaffects in some way the stoichiometry of Fd binding by GOGAT. This possibility, as well as the effect of deleting this loop on the interaction between Fd and GOGAT, will be explored in future investigations of Fd-binding by wildtype GOGAT and its variants.
